Running head: Colponemids are early-branching alveolates Predatory colponemids are the sister group to all other alveolates
using the 320 genes as queries (e-value: 1e-20; coverage cutoff: 0.5); 3) In three rounds, phylogenetic trees were constructed and carefully inspected in order to detect and remove paralogs and contaminants and select orthologous copies. For that, sequences were aligned using MAFFT v. 7.310 (Katoh and Standley, 2013) with the -auto flag employed (first round) and MAFFT L-INS-i with default settings (second and third round). Alignments were filtered with trimAL v. 1.4 (Capella-Gutiérrez et al., 2009 ) using a gap threshold of 0.8 (all three rounds) and single-gene Maximum Likelihood (ML) trees were inferred using FastTree v. 2.1. 10 (Price et al., 2010) with the -lg -gamma setting (first round) and RAxML v. 8.2.10 (Stamatakis, 2014 ) with the PROTGAMMALGF model and 100 rapid bootstrap searches (second and third round).
Seven genes were removed from further analyses because no representative colponemid sequences could be retrieved. Moreover, to allow computationally demanding analyses in later steps, the number of taxa was reduced by excluding several fast-evolving taxa, taxa with more missing data, and taxa outside the 'TSAR' clade (Strassert et al., 2019 ; with exception of a few haptists that were retained as the outgroup). The resulting dataset comprised 313 genes and 71 taxa. Non-homologous characters were removed from individual unaligned sequences with PREQUAL v. 1.01 (Whelan et al., 2018) using a filter threshold of 0.95. Sequences were then aligned with MAFFT G-INS-i using the VSM option (--unalignlevel 0.6) and trimmed with BMGE v. 1.12 (Criscuolo and Gribaldo, 2010) employing -g 0.2, -b 5, -m, and BLOSUM75 parameters. Partial sequences belonging to the same taxon that did not show evidence for paralogy or contamination on the gene trees were merged. The genes (Supplemental Material) were concatenated to a supermatrix with SCaFos v. 1.25 (Roure et al., 2007) and an initial ML tree was calculated using IQ-TREE v. 1.6.9 (Nguyen et al., 2015) with the site-homogeneous model LG+G+F and ultrafast bootstrap approximation (UFBoot, Hoang et al., 2018; 1,000 replicates) employing the -bb and -bnni options. To reduce missing data, based on this tree, some monophyletic strains or species/genera complexes were combined to chimera that were used as operational taxonomic unit (OTU), and a new supermatrix (51 OTUs; 84,451 amino acid positions) was built as described above (see Supplemental Material for the corresponding files).
Phylogenomic analyses
The final supermatrix was used to infer a ML tree using IQ-TREE with the best-fitting siteheterogeneous model LG+C60+G+F with the relatively fast PMSF approach (Wang et al., 2018) to obtain non-parametric bootstrap support (100 replicates at each sampled point, and 1,000 generations were removed from both chains. A consensus tree of the two chains was built with the bpcomp command and global convergence between chains was assessed by the maxdiff statistics measuring the discrepancy in posterior probabilities (PP).
As frequently recognized in PHYLOBAYES, global convergence was not received (for details, see Supplemental Material).
Results

Phylogenomic analyses
To determine the evolutionary position of colponemids, we generated transcriptomes of Maximum Likelihood analysis of this dataset recovered a monophyly of Colponemidia, which was placed as a sister lineage to all other alveolates with maximal bootstrap support ( Fig.   1 ), in agreement with Bayesian analysis (Figs 1 and S1 ). The AU test supports this topology (p-AU = >0.95) by rejecting the alternative hypothesis of a colponemids/ciliates sister relationship at the p-AU = <0.05 significance level. The AU test also rejects the position of colponemids sister to Myzozoa (p-AU = 0; with p-AU = 1 for colponemids sister to all other alveolates). In agreement with previous studies and current systematics, the Maximum Likelihood analysis also recovered monophyletic alveolates, ciliates, myzozoans, core dinoflagellates, and apicomplexans, as well as the sister relationship between alveolates and stramenopiles, each fully supported (Strassert et al., 2019) . Bayesian analysis showed the same results (Figs 1 and S1): two Markov chains recovered monophyletic colponemids as a sister group to other alveolates with maximal posterior probability support, as well as monophyletic ciliates, myzozoans, alveolates, stramenopiles, rhizarians, and 'SAR'.
The result of the multi species coalescent analysis is in an overall agreement with the Maximum Likelihood topology (Fig. 1) . It also indicates a sister relationship of colponemids to all other alveolates although only with modest local posterior probability support.
Diversity, distribution, and ecological role of Colponemidia
We previously isolated and described several strains of C. edaphicum and C. vietnamica from different freshwater and soil environments of Chukotka, Caucasus, and Vietnam (Mylnikov, Tikhonenkov, 2007; Janouškovec et al., 2013; Tikhonenkov et al., 2014) . Maximum Likelihood and Bayesian trees also show two groups of environmental sequences, CRL-V and CRL-I, to be independent of other colponemids, but again without statistical support ( Fig. 2a ).
Geographical distribution analysis has shown that colponemids are cosmopolitan at the species level (C. vietnamica) (Fig. 2b) vietnamica (Mignot, Brugerolle, 1975; Myl'nikova and Myl'nikov, 2010; Tikhonenkov et al., 2012 Tikhonenkov et al., , 2014 . However, many dinoflagellates, colpodellids, and Psammosa possess trichocysts (Rosati, Modeo, 2003; Okamoto et al., 2012) but not toxicysts, while ciliates have both.
Interestingly, the cells of colponemid strain Colp-10 have elongated skittle-shaped trichocysts (~0.9 × 0.15 μm) with an extended tip, roundish in a cross-section (Fig. 3) . The presence of both types of extrusive organelles in a single alveolate phylum, the Colponemidia, is notable and increases our understanding of early alveolate morphology. Colponemids are widespread in nature and found in a broad range of habitats, including plankton, bottom sediments, boggy sites, and soil, and in extreme environments such as Arctic permafrost (C. edaphicum) and desert soil (colponemid Colp-10). Their widespread, or perhaps cosmopolitan nature is common in small heterotrophic flagellates in general (Lee, Patterson, 1998; Azovsky et al., 2016) , which are also the primary food resources for colponemids.
Discussion
Phylogeny and diversity of Colponemidia
Exactly how they survive hostile conditions remains to be determined; only Colp-10 possesses cysts in its life cycle, and the survivability of C. edaphicum in 28-32 millennial permafrost (Shatilovich et al., 2009 (Shatilovich et al., , 2010 ) remains a mystery. Despite this, however, all molecularlyidentified colponemids to date originate from freshwaters and freshwater soil microhabitatsnever from marine habitats.
Colponemids and the evolution of alveolates
Taking the structural features of colponemids into consideration together with their basal position in the tree has a major impact on how we reconstruct the common ancestor of alveolates and the major sub-groups. In particular, the overall picture of the ancestral alveolate that emerges is somewhat different from the characteristics that typify the three major alveolate groups individually: it was a free-living predatory protist with submembrane alveolar vesicles, two heterodynamic flagella, tubular mitochondrial cristae, a posterior digestive vacuole, and extrusive organelles (trichocysts or toxicysts) for active hunting by phagocytosis. This description is a close match with modern colponemids, and indeed they have been described as "living fossils" (Cavalier-Smith, 2018). Interestingly, however, the morphostasis of colponemids may go even deeper, because they also resemble excavate protists (O'Kelly, 1993), with ventral groove, tubular mitochondrial cristae, and vane on the posterior flagellum (although the vane is ventral in Colponema and dorsal in excavates).
Fine structure of the colponemid cytoskeleton needs further investigation, as even here colponemids appear to retain ancient characteristics (Tikhonenkov et al., 2014) . In the flagellar root system, the so-called R2 fibre splits into oR2 and iR2 that support the feeding apparatus, and this split likely represents an ancient characteristic of the last common ancestor of excavates, stramenopiles, apusozoans, amoebozoans, collodictyonids, haptophytes, cryptophytes, and probably alveolates (Yubuki, Leander, 2013) . The cytoskeleton configuration in Colponema would therefore be ancestral not just to alveolates but to all eukaryotes (Tikhonenkov et al., 2014) .
Cytoskeletal elements for feeding and locomotion are connected functionally and historically. In bacteriotrophs (most heterotrophic protists), flagellar beating creates a current directed to the cytostome by the feeding groove, moving suspended bacteria to the 'mouth'.
Microtubular bands originating at the basal body provide mechanical rigidity to the groove margins. Colponemids retain this ancestral organization, although they phagocytize eukaryotes and not bacteria, and use active hunting of mobile prey rather than passive suspension feeding.
Subsequently, the ancestor or myzozoans and Acavomonas probably lost the link between flagellar apparatus and feeding groove as it transitioned from bacteriotrophy and phagotrophy to suction feeding on larger cells. For example, Acavomonas has no pronounced ventral groove (Tikhonenkov et al., 2014) . But the newly-developed feeding system based on the apical complex retained its link to the basal bodies because the microtubular band formerly supporting the feeding grove was most likely converted into the conoid that strengthens the rostrum and the edge of the cytostome in extant myzozoans. This link is obscured by the complex life cycles of most myzozoans, but can be clearly observed in the direct link between basal bodies and conoid in Psammosa (Okamoto, Keeling, 2014) .
The origin of myzocytosis and radiation of myzocytosis-feeding taxa may have been response to the increase of eukaryote (prey) cells sizes. Macrophagous predatory protists select prey by size, at that larger potential prey is more difficult to swallow (Bengtson, 2002) .
Unicellular eukaryotes reached their maximum size before the Cambrian explosion, although an increase in the average cell size through the Proterozoic was not a continuous trend (Huntley et al., 2006) . The observed size ratios between modern predatory protists (dinoflagellates, chrysophytes, bicosoecids, pedinellids, ciliates) and their prey range from 0.4:1 to 30:1 because of different mechanisms of prey capture (Hansen et al., 1994) . Another well-studied character in alveolate evolution is the plastid organelle.
Photosynthetic and non-photosynthetic plastids derived from a secondary enslavement of a red alga are found throughout the myzozoans (Janouškovec et al., 2015) , but no evidence for plastids or plastid genes has been found in colponemids to date (Janouškovec et al., 2013) . The origin of this plastid, has been widely debated: on one side it is argued to be the result of a single ancient plastid origin predating alveolates, stramenopiles and perhaps several other lineages (Cavalier- Smith, 1999 Smith, , 2013 , while on the other side it has been argued to have originated more recently within alveolates by more hierarchical endosymbioses (Petersen et al., 2014; Stiller et al., 2014) .
If the former is true, then the ancestor of alveolates would have been mixotrophic and colponemids (and ciliates) lost plastids and plastid genes secondarily (as have parasitic myzozoans Cryptosporidium and Hematodinium: Gornik et al., 2015; Xu et al., 2004; Zhu et al., 2000) . In contrast, the latter possibility suggests colponemids never had plastids and are more similar to the ancestral host of myzozoan plastids. Distinguishing between the heterotrophic versus mixotrophic nature of the ancestral alveolate has direct ramifications for the origin of plastids in the photosynthetic stramenopiles, haptophytes and cryptophytes, and plastid presence or loss in the related heterotrophs. As such, the origin of alveolate plastids could resolve a major gap in our understanding of the evolution of photosynthesis in a major part of eukaryotic diversity and uncover the general principles governing plastid acquisition and loss. Figure S1 ). The tree on the right is based on summary-coalescent analyses (Astral-III) of 313 single-gene ML trees (Supplemental Material) using the same taxa as shown on the left (collapsed to polygons). The numbers at nodes are local posterior probabilities. OTU_list.txt. Text file listing the taxa used in this study and their completeness in the supermatrix. Note, several strains or species/genera complexes were combined to chimera that were used as operational taxonomic unit (OTU). Figure S1a . Phylobayes tree inferred from a concatenated alignment of 313 protein-coding genes under the CAT+GTR+Γ4 model. The tree is a consensus from two MCMC chains ( Figure S1b and S1c) that were run for 4,330 generations with a burnin of 1,000 generations. Node support is given by Bayesian posterior probabilities.
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Figure S1b. Phylobayes tree inferred from a concatenated alignment of 313 protein-coding genes under the CAT+GTR+Γ4 model. The tree is a consensus from the first MCMC chain used in Figure S1a . Node support is given by Bayesian posterior probabilities. Figure S1c . Phylobayes tree inferred from a concatenated alignment of 313 protein-coding genes under the CAT+GTR+Γ4 model. The tree is a consensus from the second MCMC chain used in Figure S1a . Node support is given by Bayesian posterior probabilities.
